Introduction
Jaundice, the accumulation of high levels of bilirubin in the circulation, is particularly common in human neonates (1) . Bilirubin is cleared by the liver, and both certain genetic defects and liver diseases can cause hyperbilirubinemia in adults (2, 3) . Bilirubin is highly hydrophobic, and chronic hyperbilirubinemia results in its deposition in the central nervous system, causing neurotoxicity and encephalopathy. Some evidence suggests that chronic jaundice may also suppress the immune system as well as other normal physiological functions (4, 5) . Four distinct steps of bilirubin metabolism have been proposed (3, 6) . Bilirubin is first imported via the sinusoidal surface of the hepatocyte by solute carrier family 21, member 6 (SLC21A6; also known as organic anion transporter 2, OATP2) (7) . Ligandin, a homodimer or heterodimer of glutathione-S-transferase (GST) A1 and A2, binds bilirubin with high affinity and thus increases uptake. Bilirubin is then glucuronidated by a specific microsomal bilirubin uridine diphosphate-5′-glucuronosyltransferase (UDP-glucuronosyltransferase 1A1, UGT1A1). The resulting hydrophilic bilirubin diglucuronide is then secreted across the bile-canalicular membrane of the hepatocytes by an active transporter, multidrug resistance-related protein 2 (MRP2) (cMOAT, ABC-C2).
For the last several decades, phototherapy has been used to treat neonatal jaundice. Recently, however, both older and more recent pharmacological approaches to jaundice have been considered (8) . Phenobarbital, which induces UGT1A1 activity (9, 10) and decreases bilirubin levels in patients (11) (12) (13) , is the best studied of the older treatments, but there are also numerous remedies for jaundice in various traditional medicines. Yin Zhi Huang and a number of other herbal decoctions containing Yin Chin have been used for centuries in Asia to prevent and treat neonatal jaundice (14 (15) (16) (17) . In studies in rats, both Yin Zhi Huang and phenobarbital induced bilirubin glucuronyl transferase and GST activity, and Yin Zhi Huang had a somewhat more potent stimulatory effect on bilirubin clearance than phenobarbital (18, 19) .
Constitutive androstane receptor (CAR) NR1I3 has been shown to mediate the response of liver to phenobarbital and other "phenobarbital-like" compounds (20) (21) (22) (23) . Recently, we demonstrated that CAR is a key regulator of the bilirubin clearance pathway and that CAR activation increases the rate of bilirubin clearance (24) . Here we test the prediction that CAR mediates the effect of Yin Zhi Huang on bilirubin clearance. By screening for CAR activators, we also identify an active compound in Yin Zhi Huang that accelerates this clearance.
probe was generated by RT-PCR from mouse liver RNA. The primers used were 5′-AGATACCTGGGCCTCAGA-GAACT-3′ and 5′-CAGTCCATAATACAAAGCTC-3′. All the other murine cDNA probes were generated as previously described (23, 24) . In all cases, a single blot was serially hybridized with the various probes, with β-actin serving as a control for equivalent loading.
Primary hepatocyte culture. Mouse primary hepatocytes were prepared and maintained in William's E medium (Invitrogen), supplemented with 10 µg/ml insulin (Sigma-Aldrich) and 10 -7 M triamcinolone acetonide as described (27) . Cells were treated with different concentrations of 4′-hydroxyacetophenone (Sigma-Aldrich) and 6,7-dimethylesculetin (ICC) dissolved in DMSO for 24 hours. Total RNA was isolated using the Qiagen RNeasy minikit (Qiagen, Valencia, California, USA) according to the manufacturer's instructions, and 15 µg RNA were used for Northern blot analysis. For protein analysis, cells were incubated with either solvent or 50 µM 6,7-dimethylesculetin for 3 hours. Fifty micrograms of nuclear extract or 50 µg of cell total protein were fractionated by PAGE and immunoblotted; hCAR was then detected with a monoclonal antibody to the c-Myc epitope tag (Roche Molecular Biochemicals, Indianapolis, Indiana, USA).
Results

CAR coordinately regulates the bilirubin clearance pathway.
In addition to its function as a xenobiotic receptor, CAR responds to elevated levels of bilirubin by increasing the hepatic clearance of this toxic endobiotic (24) . Several other ligand-dependent transcriptional regulators have also been shown to regulate liver responses to both xenobiotics and endobiotics, including the pregnane X receptor (PXR), PPARα, and the aryl hydrocarbon receptor (AhR). Several lines of evidence suggest potential roles for these proteins in bilirubin clearance. Thus, the PPARα ligand clofibrate has been reported to induce UGT1A1 expression (28) and to decrease circulating bilirubin levels in humans (29, 30) . PXR has been reported to activate expression of components of the bilirubin clearance pathway, including UGT1A1 (31) and MRP2 (32) . AhR, which can be activated by bilirubin (33, 34) , has also recently been reported to activate the expression of UGT1A1 (35) . Hydroxylation of bilirubin by CYP1A1, another well-known AhR target, may also contribute to bilirubin detoxification (36) .
To compare the roles of these four receptors in bilirubin metabolism, groups of mice were pretreated with specific activators of each protein for 3 days, and their ability to remove bilirubin from the circulation was examined using an acute clearance assay (24) . In this assay, a bolus dose of bilirubin is administered i.v., and measuring residual circulating levels after 1 hour assesses the rate of clearance. TCPOBOP significantly increased clearance as expected (24), but little or no effect was observed with the PXR activator PCN, the PPARα activator WY-14,643, or the AhR activator TCDD ( Figure 1a ). Total hepatic bilirubin was also measured to determine whether the decrease in serum bilirubin is due to increased hepatic accumulation or actual clearance from the liver. As expected from the activation of multiple components of the clearance pathway by CAR (24), hepatic bilirubin was much lower in TCPOBOP-treated mice ( Figure 1b ). In contrast, PXR, PPARα or AhR activation did not significantly affect hepatic bilirubin levels.
To investigate the basis for the differential responses, the expression of five genes encoding components of the bilirubin clearance pathway plus CYP1A1 was examined. TCPOBOP induced expression of all five clearance genes as expected, but PCN, WY-14,643, and TCDD had more restricted and moderate effects (Figure 1c) . TCPOBOP increased UGT1A1 mRNA levels fourfold, for example, whereas the response to PCN and TCDD was less than twofold, and WY-14,643 had no apparent effect. The limited responses are not due to lack of effects of the activators, since appropriate target genes were induced in each case. Thus, PXR activation by PCN strongly induced glutathione transferase GSTA1 expression, and TCDD-activated AhR strongly induced CYP1A1 expression. Similarly, PPARα activa- A single dose of bilirubin (10 mg/kg) was intravenously injected via the tail vein; total bilirubin was determined 60 minutes after the injection. *P < 0.01 relative to the control mice. (b) Total liver bilirubin from the same mice was determined. The average value of total bilirubin from each treatment is presented as a percentage relative to the value from the control treatment. *P < 0.01 relative to the control mice. (c) Total liver RNA was prepared from the same mice used in (a) and (b), and equivalent amounts of RNA from three individuals were pooled. Fifteen micrograms of each RNA sample were used for Northern hybridization with different probes as indicated.
Figure 2
Yin Zhi Huang treatment stimulates bilirubin clearance in WT, but not CAR, knockout mice. (a) Groups of four WT or CAR -/-mice were gavaged with either saline (PBS), control (CO), or Yin Zhi Huang (YZH) decoction (10 ml/kg/day) for 3 days. On the fourth day, mice were subjected to an acute bilirubin clearance assay, and total serum bilirubin was determined as described. *P < 0.05 relative to the control mice. (b) Total liver RNA was prepared from the animals as in (a). Equivalent amounts of RNA were pooled from four individuals, and 15 µg of each RNA sample was used for Northern hybridization with different probes as indicated. (c) Four groups of humanized CAR mice were treated with either PBS or increasing concentrations of YZH (2.5, 5 or 10 ml/kg/day) for 3 days. An acute bilirubin clearance assay, as well as Northern hybridization with CYP2B10 and human CAR probes, was carried out.
tion by WY-16,643 increased liver cell proliferation in these mice as expected (data not shown). Although it remains possible that other receptors contribute to bilirubin metabolism in at least some circumstances, these results identify CAR as a particularly important regulator of this process.
Yin Zhi Huang stimulation of bilirubin clearance is dependent on CAR. The primary role of CAR in bilirubin metabolism is consistent with earlier studies showing positive effects of phenobarbital on jaundice (37, 38) . To test the possibility that CAR also mediates the effect of Yin Zhi Huang on bilirubin clearance, both WT and CAR knockout mice were pretreated with Yin Zhi Huang or saline control by oral gavage for 3 days. On the fourth day, mice were subjected to an acute bilirubin clearance assay. In agreement with previous results (19), Yin Zhi Huang treatment of WT mice increased the clearance rate. However, this effect was completely absent in CAR knockout animals, demonstrating that CAR is required to mediate the effect of this herbal decoction on bilirubin clearance (Figure 2a) .
To examine the mechanism of enhanced bilirubin clearance by Yin Zhi Huang, hepatic expression of the primary CAR target gene CYP2B10 and the five components of the clearance pathway were examined. In the WT mice, all the genes showed at least some response, with particularly strong induction of CYP2B10 and UGT1A1 (Figure 2b ). Except for UGT1A1, which showed a modest residual response, these inductions were absent in the CAR null animals. The weak induction of UGT1A1 in CAR knockout animals may indicate some effect of Yin Zhi Huang on PXR or other receptors.
The effect of Yin Zhi Huang on bilirubin clearance decreases with decreasing doses (Figure 2c ). Additional support for the role of CAR in this response is provided by the observation that a similar dose dependence is observed for the increased rate of bilirubin clearance and the induction of CYP2B10 mRNA. Yin Zhi Huang treatment did not affect CAR expression.
Figure 3
Human CAR can mediate response to Yin Zhi Huang. (a) Humanized CAR mice between 8 and 10 weeks of age were separated into three groups and received either PBS (CO), Yin Chin (Y), or Yin Zhi Huang (YZH) decoction via gavage for 3 days (10 ml/kg/day). On the fourth day, acute bilirubin clearance assay and total bilirubin measurement were performed as described. *P < 0.05 relative to control. (b) Total liver RNA from the same animals was prepared and used for Northern hybridization with different probes as indicated. Because murine and human CAR can show quite different responses to different activators, it was important to test whether human CAR can also mediate effects of Yin Zhi Huang on bilirubin clearance. These studies used previously described humanized mice expressing human instead of murine CAR in the liver (24, 25) . These humanized mice do not respond to TCPOBOP, which is specific for the murine CAR, but they do respond to the general CAR activator phenobarbital and the specific human CAR agonist 6-(4-chlorophenyl)imidazo [2,1- (39) . Three groups of humanized mice received either saline control, Yin Zhi Huang, or Yin Chin alone, which is considered to be the major active herb in the Yin Zhi Huang mixture. Although the response was somewhat less than that of the WT mice, as previously observed with phenobarbital activation of human CAR (24), both Yin Zhi Huang and Yin Chin significantly enhanced the clearance of the exogenously infused bilirubin (Figure 3a) . As expected from the results with the WT mice, expression of a number of CAR target genes was also increased by Yin Zhi Huang and Yin Chin in the humanized mice (Figure 3b) .
6,7-Dimethylesculetin activates both mouse and human CAR. These results indicate that Yin Chin contains an agent or agents that can activate both mouse and human CAR. Among a number of compounds present in Yin Chin are the coumarin 6,7-dimethylesculetin (scoparone) and 4′-hydroxyacetophenone (Figure 4a ). 6,7-Dimethylesculetin is a major constituent, comprising up to 2% of Yin Chin by dry weight and has been associated with a number of potential biologic actions (40) .
In tests of the effects of the compounds in primary hepatocytes from WT mice, 6,7-dimethylesculetin treatment significantly induced CYP2B10 expression, but CAR knockout hepatocytes showed no response ( Figure  4b ). 4′-Hydroxyacetophenone had no effect in either case. In primary hepatocytes from humanized CAR mice, 6,7-dimethylesculetin also induced expression of CAR target genes, especially CYP2B10, UGT1A1, and MRP2; lesser responses of SLC21A6 and GSTA1 and GSTA2 were confirmed by densitometry (Figure 4c) .
A variety of transient transfections with full-length receptors or mammalian two-hybrid assays for coactivator recruitment failed to provide evidence that either these compounds or several other candidates tested function as direct CAR agonist ligands (data not shown). In hepatocytes, however, CAR can also be activated by an indirect mechanism based on a specifically induced translocation from the cytoplasm to the nucleus (41) . The effect of 6,7-dimethylesculetin on the levels of CAR present in the nuclei of primary hepatocytes from humanized CAR mice was examined by Western blotting. A low basal level of nuclear CAR was detected in the untreated hepatocytes, which may account for the increased basal expression of CYP2B10 in the cultured cells relative to the liver. As expected, however, 6,7-dimethylesculetin treatment significantly increased the levels of CAR in the nucleus but did not affect the total amount of human CAR (Figure 4d) .
To investigate the effect of 6,7-dimethylesculetin on bilirubin clearance in vivo, we treated the WT and CAR null mice twice daily with 6,7-dimethylesculetin or a vehicle control for 3 days. The effects of the pure compound were quite similar to those of the Yin Chin extract, with an increase in both bilirubin clearance and expression of CAR target genes ( Figure 5 ). Overall, we concluded that 6,7-dimethylesculetin is a specific CAR activator that is likely to contribute to the ability of Yin Zhi Huang to increase bilirubin clearance.
Discussion
Both previous results (24) and those described here demonstrate that CAR is a key regulator of bilirubin clearance. Under ordinary circumstances, CAR is sequestered in the hepatocyte cytoplasm and thus does not affect bilirubin levels. In response to elevated bilirubin levels, however, CAR activates expression of multiple components of the bilirubin clearance pathway, resulting in an increased rate of clearance.
Several other receptors have been reported to induce expression of the primary bilirubin-conjugating enzyme UGT1A1, including the nuclear receptors PXR (31) and PPARα (28) and the per-arnt-sim domain protein AhR (35) . The potential response of this important detoxifying enzyme to diverse signals is a reflection of the complexity of the functional interrelationships of these regulators. For example, numerous studies indicate that both CAR and PXR can induce expression of a number of genes encoding various components of drug metabolism pathways (42) (43) (44) . Although this can result in common regulatory effects, the regulation of common target genes does not mean that the distinct receptors have the same physiologic effects. Thus, the results Groups of five to six WT or CAR -/-mice were injected with either vehicle control (CO) or 6,7-dimethylesculetin (DE) (100 mg/kg) twice for 3 days. On the fourth day, mice were subjected to an acute bilirubin clearance assay. *P < 0.05 relative to WT control. (b) Total liver RNA was prepared from the animals and equivalent amounts of RNA were pooled from individual mice; 15 µg of each RNA sample were used for Northern analysis with probes as indicated.
described here indicate that acute activation of CAR has a particularly significant impact on the overall bilirubin clearance rate, although it remains possible that important functions for the other receptors would be observed under other circumstances.
The results described here also demonstrate that CAR mediates the effects of the Chinese traditional medicine Yin Zhi Huang on bilirubin clearance. In Chinese and other traditional medicines, disease is thought to be a consequence of imbalances in the body, and it is often considered necessary to incorporate multiple components into a therapeutic approach to restore balance to different processes. Yin Zhi Huang is a typical example of such a combination. Because other combinations of Yin Chin with quite different components are also used in Chinese and other Asian traditional medicines with apparently similar effects, Yin Chin is thought to be the primary active agent in this mixture. Consistent with this, both Yin Chin and 6,7-dimethylesculetin are sufficient to induce both bilirubin clearance and CAR target gene expression, and we conclude that 6,7-dimethylesculetin is an active component of Yin Zhi Huang and other Yin Chin-containing herbal medicines that contributes to their biological effects. Particularly because previous studies indicate that extracts of the other plants in Yin Zhi Huang can increase GST or UGT1A1 activity (45) , it is possible that other components also contribute.
It is intriguing that Artemisia species related to Yin Chin (e.g., wormwood, absinthe, mugwort, and tarragon) have been used in traditional medicines from many cultures for a variety of indications, including liver ailments, and a number of studies in animal models indicate hepatoprotective effects for various Artemisia extracts (46, 47) . These effects have been attributed to antioxidant or other properties of the components of these extracts, but it is an interesting possibility that CAR activation is a contributing factor.
In summary, we have demonstrated the particular importance of CAR in regulating bilirubin clearance, demonstrated that this nuclear receptor mediates the effect of the natural herbal medicine Yin Zhi Huang on this process, and identified a specific active compound present in this mixture. CAR thus joins farnesoid X receptor (FXR) (48) and PXR (49, 50) as recently identified targets of significant biological effects of herbal medicines. We believe that these and other nuclear receptors with important metabolic regulatory functions will be found to mediate activities of other natural products. Based on the recent identification of a specific human CAR agonist (39), we also anticipate that more modern approaches to drug design based on CAR may yield new treatments for neonatal and other forms of jaundice.
